The Ergun equation that is widely used in the chemical engineering is 
Introduction
Seepage occurs across porous boundaries encountered in natural rivers and artificial irrigation canals. Depending on whether it increases or decreases the flow rate in the open channel, seepage can be identified as injection or suction. In the presence of seepage, the structural features of the open channel flow can be modified considerably. This includes variations in the average velocity profiles, turbulence intensities and boundary shear stresses, as reported by Cheng and Chiew (1998a) , who conducted an experimental observation of the injection effects on open channel flows.
When sediment transport occurs on a porous bed, the bed particles experience an additional hydrodynamic force due to seepage. To determine the seepage force exerting on interfacial bed particles, Martin and Aral (1971) experimentally observed effects of injection and suction on the angle of repose of sediment particles. Their results were inconclusive in resolving whether the seepage force exerted on the top layer of particles was smaller than that on the particles several layers below the bed surface. Watters and Rao (1971) measured the drag and lift forces on a sphere which was placed at four typical positions on the bed. They found that whether the forces increase or decrease is generally dependent on the relative position of the sphere to its neighbours. However, in particular, the total drag force in the presence of injection always reduced regardless of the position of the sphere. Their measurements were affected appreciably by the Reynolds number because of the use of highly viscous fluid in their study.
Recently, Cheng and Chiew (1999) presented an analytical result for the threshold condition of sediment transport by including the additional hydrodynamic effect due to injection. Their derivation yields that the relative critical shear velocity can be associated with the relative seepage velocity in the following form: where ρ = density of fluid, g = gravitational acceleration, μ = dynamic viscosity of fluid, ε = porosity, and d = diameter of particle, the exponent m can be evaluated using the following empirical equation:
It is noted that in the derivation made by Cheng and Chiew (1999) , an exponential function was used to represent the relationship between the hydraulic gradient and seepage velocity. This approach was subsequently discussed by Niven (2000) , who
reported that the exponential relationship could be indirectly derived by performing a series of numerical computations based on the following binomial function, i.e., the Eq. (4) was originally given by Ergun (1952) as an extension of Darcy law and has widely been used in the chemical engineering (Churchill 1988 (Cheng 1997 ).
In this study, an alternative relationship between the hydraulic gradient and seepage velocity is first derived. This leads to a generalised Ergun equation, which can be used for different flow regimes including the transitional zone. This equation is then applied to evaluation of the critical shear velocity for the incipient motion of sediment particles subject to injection. The computed results of the critical shear velocity are finally compared with the previous analysis and experimental data.
Derivation
It is well known that if the flow through the porous medium is very slow, its equation of motion can be given by Darcy's law, which indicates that the hydraulic gradient, i, is linearly proportional to the seepage velocity, v s :
where K= coefficient of permeability. Since not including the effect of the kinetic energy of the flow, Darcy's law may be invalid, for example, for a porous medium Even being different from each other, both the binomial and exponential relationships have been proposed on the same ground that if the viscous effect is significant, Darcy's law applies and if the inertial force is dominant, the hydraulic gradient is proportional to the square of the velocity. Given the same properties of fluid and particles, the above argument can also be formulated as follows:
Furthermore, (6) and (7) can be combined in the form:
where α = coefficient and n = exponent. The interpolation between the two extreme conditions given by (8) is not unique. However, it is preferred here because it is mathematically simple. Integration of (8) with respect to v s yields
where β = coefficient. It is noted that for n = 1, (9) reduces to the binominal function.
Evaluation of the two coefficients α and β can be made by comparing (9) and (4) for two limiting conditions, i.e., one dominated by the viscous effect and the other by the inertial effect. For these two conditions, two different forms of (9) can be obtained, respectively:
and 
By comparing (10) with (12) and (11) with (13), one gets ( ) Eq. (19) is plotted in Fig. 1 To determine possible variations in the n-value, (19) is further plotted in Fig. 2 against laboratory measurements. Seven sets of experimental data are therefore used, which were collected previously by Mintz and Shubert (1957) 
Evaluation of Critical Shear Velocity for Incipient Sediment Motion
As an alternative to (1), the relative critical shear velocity, u *c /u *oc , can also be 
Comparison of Eq. (23) with Eq. (1)
For the comparison purpose, (1) can be changed to In the computations made subsequently, for each R sc , L * is first evaluated using (22) and then m is computed using (3).
It can be seen from (22) Generally, the critical shear velocity predicted with (25) is larger than that with (24).
Comparison with Measured Critical Shear Velocities
The critical shear velocity for the incipient sediment motion subject to injection was experimentally observed with a glass-sided horizontal flume, which is 
